SUMMARY A wide-angle, phased array ultrasonic sector scanner was used to view the heart in 18 patients with idiopathic hypertrophic subaortic stenosis (IHSS). The rapid systolic anterior motion (SAM) of the mitral apparatus appeared quite separate from movement of either the left ventricular posterior wall or prominent papillary muscles. The SAM always occurred in a location judged to be the chordal end of the mitral leaflets. The SAM involved the whole mitral apparatus more extensively in patients with high outflow tract gradients at rest (> 60 mm Hg), and in all patients during Valsalva maneuver or amyl nitrite inhalation. The mitral apparatus, including the papillary muscles, was anteriorly displaced in short-axis images of these patients' hearts. True end-systolic cavity obliteration was not seen at rest in any patient, since a small space persisted posteriorly between the papillary muscles in short-axis images. We believe these data support some and negate other previously proposed mechanisms for the mitral valve SAM and abnormal left ventricular dynamic geometry in patients with IHSS. Localized subaortic thick septal myocardium was seen in each case. Additionally, we noted an unusual echo pattern within the myocardium and especially in portions of the thick septum. This pattern was present along 20-100% (mean 50%) of the septal length, and 16-40% (mean 25%) of the left ventricular circumference, and in the posterobasal myocardium in two patients. We speculate that this echo pattern within the thick septal myocardium may be related to abnormal myocardial structure or myocardial fibrosis noted previously by histologic methods.
IN THE 20 YEARS since the original anatomic' and functional2 description of idiopathic hypertrophic subaortic stenosis (IHSS), few diseases have sparked so much interest and controversy. 3 14 Since the late 1960s, single-dimensional echocardiography has been proposed and used as a sensitive, convenient, noninvasive tool for the diagnosis and therapeutic assessment of IHSS. [15] [16] [17] [18] [19] Although single-dimensional echocardiography is useful for the detection of IHSS, it is limited by its narrow field of view and lack of spatial orientation.
Two-dimensional echocardiography has proven to be an exciting technique, presenting dynamic images of the heart in multiple cross-sectional planes. Some work has been published using various two-dimensional echocardiographic systems to study IHSS. 20 28 We used a prototype two-dimensional, real-time, phased-array 80°sector scanner24 to study the echocardiographically displaced anatomy and dynamic pathology of patients with IHSS.
Methods

Patient Selection
Eighteen patients referred for evaluation of cardiac murmurs, chest pain, or abnormal electrocardio-IHSS-2D ECHOCARDIOGRAPHY/Martin et al. grams and having typical clinical findings of IHSS were selected on the basis of high-quality, singledimensional echocardiographic studies which revealed classic echo criteria for this disease.26 All patients displayed systolic anterior motion (SAM) of the mitral valve, although we did not select patients for this finding (table 1) . Twelve of these patients had undergone hemodynamic studies with angiography and all had measurable gradients, either at rest or with provocation. Relevant hemodynamic and single-dimensional echocardiographic data are summarized in table 1.
Echocardiographic Equipment
All cardiac single-dimensional echocardiograms were performed using a Smith-Kline Ekoline 20A ultrasonoscope and a 2.25 MHz transducer collimated to 5 cm and pulsed with a repetition rate of 1000 pulses/sec. The echocardiograms were recorded on an Irex 101 or Ekoline 21 strip chart recorder. The technique of M-mode ultrasonic examination has been described previously.26 Two-dimensional echocardiographic studies were obtained using a previously described real-time, phased-array sector scanner developed by Varian Associates of Palo Alto.2' This imaging system uses a hand-held, 32-element, 2.25 MHz transducer array that measures 1.3 cm X 1.2 cm at the site of skin contact, and relies on the phasedarray principle to steer the sound beam through an 800 sector of a circular plane. 27 The field of view is 800 in an azimtnuthal direction and 21 cm in depth, with 30 image-fra`mes/sec, each consisting of 66 lines of information. Azimuthal resolution varies from 2-5 mm within the field of view, while range resolution is 1.5-2 mm. This system differs from the two-dimensional, phased-array system previously described by von Ramm et al.27 because the Varian instrument has a fixed acoustic focus rather than a dynamic focus during the transmit and receive periods. Images are recorded on 1-inch reel-to-reel video tape for later playback and review. Analysis was performed during playback in real-time, slow-motion and stop-action modes. Single-frame photographs of the video monitor were made with a Polaroid camera. Such static images are degraded optically because stopaction pictures show only a single field of a complete two-field video frame. Equally important is the loss of visual integration of motion normally seen with realtime recordings.
Study Procedure
The planes of view used to examine the long axis and short axis of the heart were similar to those previously described by Kisslo.28 The sector scanner was initially oriented so the plane was parallel with the long axis of the left ventricle. Care was taken to visualize the aorta and aortic valve, the left ventricular outflow tract, the interventricular septum, the mitral valve, and the left ventricle in its maximum long-axis dimension. Figure 1 contains a schematic diagram and stop-frame, systolic long-axis image of a normal subject. Subsequent serial short-axis images were obtained by turning the transducer 900 in a clockwise direction. Figure 2 shows schematic illustrations and stop-frame, systolic short-axis images at the level of the papillary muscles in a normal subject and in an IHSS patient. In order to obtain serial short-axis images of most of the left ventricle, the following procedure was used: The transducer was held at a fixed locus on the chest wall and aimed cephalad toward the aorta. Then the imaging plane was swept anterior; P P toward the cardiac apex, as if to obtain an M-mode sweep. The derived images were presented as if one were viewing the heart from the foot of the patient's bed. In this paper we will refer to basal or apical portions of the heart rather than usual anatomic annotation. All patients were studied at rest in a 30°left lateral decubitus position, with the head elevated. We attempted to obtain studies during the Valsalva maneuver or during amyl nitrite inhalation in all patients. Two patients were studied after septal myectomy. Although no satisfactory control group of truly asymptomatic normal patients exists in our laboratory, findings in patients with IHSS were judged on the basis of experience with such twodimensional echocardiographic images in over 3000 patients with various forms of heart disease or symptomatic patients with normal cardiac anatomy.
The two-dimensional echocardiographic studies were analyzed specifically for the appearance of the interventricular septum and the posterobasal left ventricular free wall, the motion of the mitral valve ap-paratus, and the papillary muscle size and placement. Dimensions were measured with the calibration scale produced by the instrument and tested in vitro for accuracy. The terms normal, hyperkinetic and hypokinetic are used to describe myocardial motion relative to other areas in the same heart or judged relative to prior experience with similar images (as done with angiographic analysis).
Results
High-quality long-and short-axis two-dimensional echo studies were obtained on all 18 patients. Good two-dimensional images also were obtained in nine of the 18 patients during amyl nitrite inhalation or during the Valsalva maneuver. No patient was excluded because of poor-quality records.
Interventricular Septum -Long Axis
In most non-IHSS subjects, the interventricular septum is homogeneously echo-producing, uniformly thick, and concave toward the left ventricular cavity. The septum thickens normally in systole while the septal surfaces remain parallel ( fig. 1 ). The interventricular septum was thickened in all 18 patients ( fig. 3 ). Within the thick septum there appeared to be two layers, with the thicker layer nearer the left ventricle. The thick layer had multiple speckled echoes, giving a "ground glass texture" different from the less echoproducing myocardium of the remainder of the septum and the posterobasal left ventricular wall. The transitional area between thick and more normally thin septum showed little or none of this unusual texture. This ground glass portion involved 20-100% (mean 50%) of the length of the septum in these 18 patients. The thickened septum narrowed the left ventricular outflow tract and was hypokinetic in all patients. The major site of septal thickening in long axis was at the basal or middle third of the septum. In patients with moderate-to-large resting gradients (> 60 mm Hg) the subaortic septal enlargement was most extensive. The right and left ventricular septal surfaces were not parallel, but diverged markedly from their junction at the anterior aortic wall, and the resulting subaortic septal bulge distorted the ventricular shape. Compared with its alignment in non-IHSS patients, the long axis of the left ventricular cavity in IHSS patients appeared to be aligned more toward the mitral valve orifice and left atrium ( fig. 3 ), rather than directly toward the aorta. The endocardial surface of the interventricular septum which projected into the left ventricular outflow tract, opposite the anterior mitral valve leaflet, gave an intense echo. Similar intense echoes were noted from the portion of the anterior mitral valve leaflet that appeared to contact the septum.
Interventricular Septum -Short Axis
Short-axis views of the septum and the left ventricular free wall at the level of the mitral-chordae junction showed that 16-40% (mean 25%) of the left ventricular circumference was involved by hypokinetic thickened muscle with the ground glass texture ( fig. 4 ). The involvement was centered at approximately [10] [11] [12] o'clock on the left ventricular circumference.
Posterobasal Myocardium -Long Axis
The posterobasal myocardium, just caudal to the atrioventricular groove, was hyperkinetic in all our IHSS patients. With the onset of ventricular systole, this area rapidly moved anteriorly toward the thickened septum. In patients with resting gradients > 60 mm Hg, this area was somewhat hypertrophied. In two of the 18 patients (3 and 7), the posterior wall The interventricular septum has a doublelayered appearance, with an intense set of echoes occupying the left ventricular half of the septum. The large arrow on the diagram indicates the right ventricular side of the septum, which encloses the more normally textured right ventricular septal myocardium. Note the difference in visual texture between the posterior wall and the left ventricular side of the septum. The right ventricular portion of the septum and the posterior wall have a much more similar appearance. The white trapezoid drawn above the ventricle represents a transducer artifact seen on all images and some illustrations. PW = posterior wall; other abbreviations as in figure 1. _w W a had a ground glass texture similar to that seen in the interventricular septum. Short-axis views confirmed these findings in all 18 patients.
Mitral Apparatus and Systolic Anterior Motion Long Axis
In non-IHSS patients, the mitral leaflets coapt to close posteriorly within the left ventricle in early systole, leaving the outflow tract open and roughly of the same dimension as the aortic root ( fig. 1 ). In all 18 IHSS patients, the mitral apparatus appeared to be displaced anteriorly and thus nearer the thickened septum at the onset of systole. There was a trend toward more anterior mitral displacement in patients with higher resting gradients.
The SAM of the mitral apparatus appeared to involve the chordae tendineae and the apical portions of the anterior mitral leaflet, rather than the basal parts. The precise point of insertion of the chordae tendineae into the edge of the anterior or posterior mitral valve leaflet cannot be identified from these echoes. In patients with resting gradients < 60 mm Hg, the SAM tended to involve the more apical portions of the valve apparatus ( fig. 5 ). The direction of the abnormal SAM was almost perpendicular to the papillary-chordaemitral axis, i.e., the line of attachment of the papillary muscles to the mitral valve apparatus. This SAM occurred more rapidly than the rate of rise of the posterobasal left ventricular endocardium. Portions of the mitral apparatus involved with the SAM were not immediately anterior to the most hyperkinetic posterobasal left ventricular myocardium. The SAM appeared to narrow the left ventricular outflow tract near the point of maximum septal thickening, but the mitral apparatus did not appear to be compressed into or fill the subaortic vestibule.
In patients with larger resting gradients and narrower left ventricular outflow tracts, more basal portions of the mitral apparatus were involved in the SAM (fig. 6 ). The mitral apparatus SAM began with the apical portions being initially perpendicular to the papillary-chordae-mitral axis (fig. 6B ), but by midsystole the whole apparatus appeared to be drawn up A against the septum, as viewed by long axis. In long axis it was not possible for us to judge whether the posterior mitral valve leaflet was similarly involved.
The Valsalva maneuver or amyl nitrite inhalation or both produced a closer approximation of the mitral valve apparatus and the interventricular septum, and involved more of the basal mitral apparatus compared with the resting state in patients with smaller resting gradients. These maneuvers led to generally diminished left ventricular cavity size.
In none of the patients analyzed by this system could we attribute SAM to taut chordae tendineae pulling the mitral valve anteriorly around the hypokinetic enlarged interventricular septum; nor did it appear that the SAM was caused by the posterobasal left ventricular myocardial contraction forcing the anterior or posterior leaflets or both toward the septum.
Mitral Valve Apparatus and Systolic Anterior Motion -Short Axis
The normal mitral valve apparatus was in the posterior half of the ventricle as viewed in short axis.
In all 18 IHSS patients, the mitral valve apparatus appeared more anteriorly placed (figs. 2 and 4). As in the long-axis view, the larger the resting gradient the more the valve appeared to be anteriorly displaced. An additional intense echo (SAM) appeared anterior to the anterior mitral valve leaflet in early to midsystole (figs. 4 and 7).
Papillary Muscle Placement and Size -Long Axis
In long axis, large papillary muscles appeared to fill more of the apical one-third of the left ventricular cavity than was normally seen ( fig. 5 ). The line between the papillary muscle, chordae tendineae, and mitral valve apparatus was not impinged upon by the hypertrophied septum in any patient. In patients with large resting gradients, and in all patients during Valsalva maneuver and amyl nitrite inhalation, the tips of the enlarged papillary muscles appeared to contact the septum.
Papillary Muscle Placement and Size -Short Axis
In the short-axis views, the papillary muscles in normal subjects appear small and arise at about 4 and 8 FIGURE 5 . Long-axis left ventricular image taken during mid-systole. In this patient with a small resting gradient, the systolic anterior motion of the mitral apparatus apparently involves the apical portion of the mitral leaflets and their attachment to the chordae tendineae (large arrow). This set of echoes is curved compared with the straight line of the papillary muscle-chordae-mitral valve axis seen in figure 1 . The motion is perpendicular to this expected line ofattachment. The closed mitral leaflets show their more basal portions in a relatively normal position (small double-headed arrow). Note that the posterior left ventricular wall is not apparently forcing the mitral apparatus forward. Also two layers of the interventricular septum are shown by differences in echo pattern and intensity.
O'clock on the circumference of the circular left ventricular cavity. In all 18 IHSS patients, the papillary muscles were enlarged and anteriorly placed toward the interventricular septum, generally arising at 3 and 9 o'clock ( fig. 2 ). In some cases with large resting gradients, the papillary muscles appeared to arise as anteriorly as 2 and 10 o'clock. In the short-axis view, neither papillary muscle was more anteriorly placed than the other. As the transducer was stationary, but angled basally, the previously mentioned anterior mitral valve displacement was congruent with these findings. Apical angulation from the level of the mitral valve through the level of the base of the papillary muscles reveals that these large papillary muscles nearly approximate each other in late systole. Further apical angulation showed an extremely small but persistent end-systolic apical cavity in all patients under resting conditions.
Post-Surgical Studies
Two patients who underwent septal myectomy were studied pre-and postoperatively. Patient 3 exhibited marked septal thinning, especially in the basal section of the interventricular septum ( fig. 8 ). The preoperative SAM was completely abolished postoperatively, both at rest and with maneuvers in this patient. Postoperative catheterization was not done. The second patient exhibited similar but less striking findings.
Discussion
Many methods have been used to view the heart in patients with IHSS in order to better understand the pathophysiology of this condition. One-dimensional echocardiography has focused attention on some aspects of IHSS, but the limitations of the method have led to continued controversy. Many authors advocate including a constellation of echocardiographic findings to establish the diagnosis of IHSS. 3' 20, 21, 25, 29 Biplane angiography is useful in visualizing configurational abnormalities of the ventricles and septum, but is inadequate for assessment of dynamic abnormalities of valvular motion in IHSS.9, 30, 3' The system used in the present study offers better lateral spatial resolution than linear non-phased-array ultrasound systems and a wider field of view than currently available mechanical sector scanners, thereby permitting improved dynamic visualization of a plane through the entire left ventricle. The long-axis view closely approximates the image orientation of the angiographic lateral projection. Short-axis views (perpendicular to IHSS-2D ECHOCARDIOGRAPHY/Martin et al. the long axis of the left ventricle) actually have no angiographic counterpart but offer new capabilities for investigating cardiac anatomy and function in IHSS. We believe our findings support some and negate other previous hypotheses of the pathophysiology of this disease state.
Interventricular Septum
The necropsy studies of Roberts support the gross anatomic location of septal thickening seen by ultrasound imaging.32 Our studies failed to show a normal degree of active contraction of the septum, and reinforce earlier work.29' 33 The ground glass texture of the most abnormal parts of the septum is unusual in our experience with ultrasound imaging (figs. 3-7). We have seen this pattern occasionally in patients with many forms of heart disease, but it is recorded so clearly only in cases with amyloid infiltration of the entire myocardium. We have not searched for this extensively in congenital heart disease. We speculate that this appearance may be associated with the histopathology described by Epstein et al. 34 The tissue pattern suggests the presence of multiple, closely spaced reflecting interfaces of materials with markedly different density or acoustic impedence. An unusual degree of interstitial fibrosis, extreme variation in the orientation of the myocardial fibers, and tissue infiltration with foreign materials could all be expected to produce such a pattern. Fibrosis and fiber disorientation and fibrosis and tissue infiltration occur in IHSS and amyloidosis, respectively, the two conditions in which we see this pattern most prominently. The photographs in earlier ultrasound papers by others show a difference in the appearance of the right side versus the left side of the interventricular septum in patients with IHSS.20 Unpublished observations at Stanford confirm the presence of two rather distinct layers of tissue structure within the septum of myectomy specimens.
The marked deviation of the interventricular septum from the anterior aortic wall agrees with the previous ultrasonic studies by Henry and the biplane angiographic findings of Redwood.20' 1 The acute takeoff of the right ventricular side of the septum probably explains the common difficulties in imaging the right side of the septum and the consequent ambiguities in measuring the true width of the septum by single-dimensional studies.
The endocardium of the septum opposite the mitral anterior leaflet often produced a very intense echo (figs. 3 and 6). We believe this represents the endocardial plaque usually seen in necropsy studies.32 This "'septal callous" was in the area where the anterior leaflet of the mitral valve contacted the septum in early diastole or mid-systole. the earlier work of others, who commented that this might be a compensatory response of the left ventricular myocardium to the hypokinetic interventricular septum.", 29 In addition, short-axis, two-dimensional ventricular imaging at the level just apical to the atrioventricular groove showed that the inferior and lateral left ventricular free wall also were hyperkinetic.
Mitral Valve and Systolic Anterior Motion
Angling the transducer from the level of the papillary muscles to the level of the mitral valve while in the short-axis plane confirmed that both the papillary muscles and associated mitral valve apparatus were displaced anteriorly compared with normals ( fig.  2 ). Since our studies also show displacement of the valve apparatus away from the posterobasal myocardium, we believe this is not simply a result of distortion of the ventricular image by the thick septum20 (figs. 2 and 4).
The site and mechanism of the SAM of the mitral valve is controversial. Most authors consider that SAM primarily involves the tip of the mitral apparatus. Three theories have been invoked recurrently in the literature to explain the mechanism of the SAM: 1) vigorous contraction of the posterobasal left ventricular wall, forcing the anterior and posterior mitral leaflets into,a nearly emptied left ventricular outflow tract;3' 369 36 2) hypertrophy of the superior interventricular septum, leading to a malalignment of the anterior medial papillary muscle, such that during systole the hypertrophied septum acts as a fulcrum on the taut chordae to pull the mitral valve apparatus forward to meet the downward contracting septum;37-3) the Venturi effect: the mitral valve leaflet is forced forward into the low pressure caused by the high velocity flow of blood through the narrowed left ventricular outflow tract.20 40 Analysis of our longaxis studies consistently suggests that the SAM primarily involves the area of attachment of the free edge of the mitral valve to the chordae tendineae, although it was impossible to identify the exact point of this junction. In patients with smaller resting and provocable gradients, only the apical apparatus (near the presumed leaflet-chordal junction) appeared to undergo the SAM. In these patients, the motion was perpendicular to the visual axis of the papillary muscle, chordae, and mitral valve leaflets. In patients with larger resting and provocable gradients, the SAM FIGURE 8. A postoperative long-axis ventricular view taken at end-systole at the point of aortic valve closure. The thin portion of the interventricular septum near the aorta is indicated by the large arrow on the diagram. The small arrow on the diagram indicates bright echoes, representing a calcified mitral annulus. Note the absence of the systolic anterior motion in this end-systolic frame which was representative of all systolic images. appeared to involve more of the body of the mitral anterior leaflet. In these patients, the long-axis views of the left ventricular outflow tract in mid-systole were often filled by a combination of chordae and mitral valve ( fig. 6 ).
The location of the SAM was apical to the most hyperkinetic, anteriorly moving posterobasal left ventricular myocardium, and the SAM was more rapid than the hyperkinetic myocardium as well. Thus, the myocardium was not pushing the leaflets forward in systole.
Both papillary muscles appeared to be equally displaced anteriorly in short-axis views, and in long-axis views there was no traction of taut chordae tendineae around a mid-septal or basal septal enlargement. Henry's analysis of his data also repudiate this papillary malorientation-traction hypothesis.20 From her two-dimensional echocardiographic studies, Rodger has postulated that part of the SAM previously recorded by single-dimensional echocardiography is actually papillary muscle encroachment on the left ventricular outflow tract. 23 The dynamics of papillary muscle motion in our study do not support Rodger's idea ( fig. 5 ).
We tend to favor the idea that the Venturi effect, resulting from the high velocity of flow through a narrowed left ventricular outflow tract, is operative in producing the SAM. The presence of large papillary muscles and a small left ventricular cavity such as seen in our patients with IHSS might produce relative slackening of tension within the mitral valve apparatus, thereby allowing it to be more easily drawn up anteriorly into the left ventricular outflow tract. Our observations emphasize that IHSS is a very complex disease in which the entire ventricle is involved, not just the interventricular septum or the mitral apparatus or both.
Left Ventricular Cavity
The resting short-axis studies at or apical to the level of the papillary muscles revealed extremely small but persistent end-systolic apical cavities posterior to the papillary muscles in all patients. The very small cavity left at end-systole may constitute functional or angiographic cavity obliteration or both. Long-axis views in eight of the 18 patients revealed that the hypertrophied papillary muscles contacted the septum in midto end-systole. In the remaining 10 patients, this was found only with the Valsalva maneuver or amyl nitrite inhalation.
Surgical Interventions
In the two patients studied postoperatively, the surgical intervention enlarged the left ventricular outflow tract and decreased the likelihood that the Venturi effect would be operative ( fig. 8 ). In these two patients the SAM was abolished.
Limitations
The design of this study does not allow conclusions about the sensitivity or specificity of this method in the diagnosis of IHSS. However, the ability to observe large segments of the heart in a dynamic format lets the observer integrate the various elements previously noted in IHSS from single-dimensional echocardiography. Static photographs must be used to illustrate motion of structures that is better identified by watching the dynamic record. Therefore, judgments based upon static photographs hamper optimal interpretation of such studies.
Because lateral spatial resolution by this method is not perfect, there is some potential for ambiguity of structure location. This appears as a blurring of discrete echo sources across the field. Such blurring does not seem to be a real problem, since we note minimal distortion of recognized normal cardiac structures.
If the instrument is improperly set to compensate for normal diminishing echo amplitudes at increasing tissue depths, artificially intense echo areas may be seen near the transducer. While this may be a part of the striking appearance of the thick septum in IHSS, it is not the whole cause. Placing the transducer over various parts of the precordium translocates the septum to various parts of the ultrasonic image field, yet the unusual echo texture remains. Also, in these patients, the portion of the septum nearest the right ventricle and the transducer are less echo-producing than deeper parts of the septal tissue. Further assessment of the altered texture of the apparently abnormal FIGURE 9 . A schematic diagram which serves as a summary of our findings. The long-axis diagram at the top shows the characteristic shape and double-layered texture ofthe interventricular septum. Note also the area of endocardial thickening representing the septal callous (white arrow). This image also illustrates the systolic anterior motion of the mitral apparatus. The bottom left diagram is at the level of the papillary muscles and shows the extent of septal involvement by the altered muscular architecture and the papillary muscle placement. Thefigure at the lower right is at the level of the mitral valve and similarly shows the extent of septal involvement by this altered architecture at the level of the mitral valvular apparatus. This figure illustrates the appearance of the systolic anterior motion in short axis. R = right; L = left; other abbreviations as in figure 1. septal myocardium will be aided by improved instrument design and by methods of signal analysis that can define the ultrasonic signatures of specific tissues.
Pressure, flow and structural studies combined may be necessary to decide whether the mitral SAM is primary in this condition and actually obstructs the outflow tract, or whether the SAM is a secondary result of gradient production across the abnormally narrowed outflow tract. Preliminary data (J. Murgo: personal communication) suggests abnormally high early systolic ejection rates, even in patients with no resting gradients or abnormal mitral motion. We cannot resolve this controversy from our data. We have tried only to point out observations which support or detract from the previously proposed alternative pathophysiologic mechanisms in IHSS. A summary diagram of our findings is given in figure 9 . We hope that our study will stimulate further investigation of IHSS.
